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INTRODUCTION 
Many aircraft accidentdincidents investigations cite crew eiwr as a causal factor (Boeing Conunercial Airplme 

Group 1996). Human factors experts suggest that crew error has many underlying causes and should be the start of 
an accident investigation ,and not the end. One of those causes, the flight deck design, is correctable. If ;a flight deck 
design does not accommodate the hunm’s unique abilities and deficits, crew error may simply be tlie manifestattion 
of this mismatch. Pilots repeatedly report that they are ‘behind the aircraft’, rx., they do not know what the 
automated aircraft is doing or how the aircraft is doing it until after the fact (Wiener 1980, Rudisill 1994). Billings 
(1991) promotes the concept of ‘human-centered automation;’ calling on designers to allocate :tppropriate control and 
information to the human. However, there is much ambiguity regarding what it inems to be human-centered. What 
often are labeled as ‘liwiian-centered designs’ are actually designs where ;t humm factors expert has been involved in 
the design process or designs where tests have shown that humans can operate them. While such designs may be 
excellent, they do not represent designs that are systematically produced according to some set of prescribed methods 
and p~xxedures. 

This paper describes a design concept, called Wings, that offers a clearer definition for human-centered design. 
This new design concept is radically different from current design processes in that the design begins with the human 
and uses the human Wdy as a metaphor for designing the aircraft. This is not because the human is the most 
important part of the aircraft (certainly the aircraft would be useless without lift and thrust), but because he is the 
least understood, the least programmable, and one of the more critical elements. The Wings design concept has three 
properties: a reversal in the design process, from aerodynamics-, structures-, and propulsion-ceiitered to truly human- 
centered; a design metaplior that guides function allocation and control and display design; and a deliberate distinction 
between two fundamental functions of design, to conzplenzent and to interpi-el hurnan peiformance. The 
conzplenzentaiy function extends tlie human’s catpaabilities beyond his or her current lirnit~ttioiis-this includes 
sensing, computation, memory, physical force, and human decision making styles :uid skills. The intolpl-otive (or 
hermeneutic, Hollnagel 199 1) function translates information, functionality, and commands betwecn the human and 
the aircraft. The Wings design concept allows the human to remain :tw;u-e of the aircraft through natural 
interpretation. It also affords great improvements in system performance by maximizing the huinaui’s natural 
abilities and complementing the human’s skills in a natural way. This paper will discuss the Wings design concept 
by describing the reversal in the traditional design process, the function allocation strategy of’ Wings, and the 
functions of complementing and interpreting the liu~nan. 

THE DESIGN PROCESS: HUMAN-CENTERED AIRCRAFT DESIGN 
The traditional atpproacli to aircraft design (Figure 1) is to first define tlie mission requirements (P:thner, et. ( I / .  

1995). These requirements are used to develop the aircmtt operational requirements, which :re then used to develop 
the aircraft functional requirements. The operational and functional requirements give rise to the aircraft system 
requirements. Once the requirements for the aircratli systems are defined, the lliglit deck requirements :re developed. 
Generally, the flight deck is not considered until the end of the design process. Hurnaii factors experts are often 
brought in to ‘hum,an factor’ the flight deck design, ;as if there was a well established procedure for doing so, similar 
to ‘ruggedizing hardwwe’ or ‘sound proofing the cabin’. Any problems that cannot be ‘1iurn;tn factored’ in design can 
be addressed with aggressive training of the flight crew. 

The fallacy in this approach is considering human factors t o  be :a methodology or science sUni1:u to ruggedizing 
(e.g., structural mechanics and dynamics) or sound proofing (e.g, acoustics). It is not similw. First, human factors 
is not a discipline that retrofits well. In the case of aircraft, when tlie system functions and the flight control modes 
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have already been defined, majoi- design decisions that affect the liurn~ui-centeredIiess have already been made. In other 
words, there may be features in the design that dispose humans to el-1-or and no amount of display change or  training 
will nullify that disposition. The second difference between areas such as acoustics and hnman factors is that there is 
no estuhlished set of human factors tools a id  principles that will generate ;I repeatable and consistent design. There 
are some conventions for things such as color, reach, legibility, etc., zmd a few for cognitive aspects, such as 
involvement, awareness, and human/autoination interaction, but there is still considerablc dcbatc in the hurnan 
factors community over standards and procedures. This lack of maturity is not due t o  the agc of the field, but rather 
the difficulty of the subject matter, namely understiinding humans. Human beings ;re incredibly complex, 
apparently non-deter[ninistic entities. Designing systems to interact with humans is extremely clifficult. 

What often saves potentially bad designs is the fiict that hutnms ;re indeed adaptable, Llexible, and diligent. 
While a large number of accidents are attiibuted to human error, there are no data on the number of accidents averled 
through human intervention. While it is true that ‘To eir is human’, it is also true that ‘Humanity covers ;I 
multitude of design sins’. In fact, one of the primary re:isons for including humans in the system is to take 
advantage of their adaptability and creativity. Humans make the system work, and ;it this point i n  the maturity of 
technology, humans are essential. 

At this point in the discussion 2111 interesting irony emerges. On one hand, the tlight crew aippcars lo he ;I 
critical link in the chain of both averting and causing xciclenta. On the other hand, the design of the flight deck is 
left to tlie end of the design process where there is little flexibility rem;uning to accorrunochte Uie humain. 

There are a number of valid arguments for the traditional approach: (1) Humans i r c  tlexihle and creative so h e y  
can handle less-than-optimal designs. (2) The cu~i-ent approach has produced certified designs and ;i change would 
involve inore risk. ( 3 )  Designing for the human is too ill-clefined a process (o.g., there are no Navier-Stokes 
equations for human beings)--designers should perform the defined, procedural design tasks first. (4) The systems 
must be defined before the system controls in tlie flight deck can be defined (r.o., put Uie horse before the art). 
However, there are compelling counterpoints to these arguments: (1) While humans are flexible, the complexity of 
the flight mission, not the flight deck design, should exploit that flexibility. (2) Because the human is so critical in 
the aversion and cause of accidents, the most fertile ground for accident reduction may be found i n  acldressing the 
human element of the aircraft more directly. While the risk of such an approach may be great, the risk of allowing 
the accident rate to continue as it is may be greater. ( 3 )  Sometimes it is better to tackle the more ill defined 
problems first so that they can receive more effort, and postpone working on the ‘easier’ problems. (4) The order of 
design may be more like a chicken and egg issue rather than a horse :uid cart issue ( ; .e . ,  one set of design constraints 
does not Iiecessxily beget the other). 

The approach advocated in this paper (Figure 2) is to begin the aircraft design with the mission requirements, 
but from the mission requirements define the roles :ind responsibilities for the flight crew. Then a flight deck 
functional concept can be developed. From this concept, syslern and airframe design can proceecl. The more difficult 
task of designing for humanis is faced at the beginning of the design process, :ind the more tr:ict;thle and procedurail 
processes of designing for aerodynamics, materials, and propulsion are left to the end. In this design, the flight deck 
conforms to the human, and the aircraft confonns to the tlight deck. What does it mean for the tlight deck and 
aircnift to conform to the human? A simple description is having ;in aircraft that is natural to use. Therefore, the 
Wings design concept looks to nature to provide the blueprint for design, namely the body rnct;iphor. 

FUN C T I ( 1 N ALL 0 CAT I ( )N : THE B ( 1 D Y MET A 1’H ( 1 H 
In the design of modem aircraft it is critical to address Uie allt~ation of functions to huinans m d  automitioii. 

There ace a number of taxonomies and categories for describing function alltmation in design (Paliner, et. rrl. 1095, 
Billings 1991, Riley 1989, Rogers 1906). Most of these studies characterize different levels of’ allocation between 
human and machine, ranging from total allocation to the human t o  total allocation to machine. 111 most design 
decisions, these extremes are not used. Rather, there is ;I shared allocatio1i of responsibilities between human and 
machine for all functions (Rogers, 1996). Further, d rent functio1is require different function ;Jloc:ition striltegies 
and the allocation for one function may intluence the required alltxxtion for another. For exiunple, how ii p;u-ticular 
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function (e.g., hydraulics system management) is allocated between the human and the machine c;ni have 
consequences for the allocation of another function (e.g., gear and high lift device control). This interdependence of 
allocation strategies can make the holistic dc cult task. The key is to have it p ~ ~ ~ d e t e ~ ~ ~ ~ i i ~ l e d  
allocation strategy before the allocation pro pt looks to nature to provide such a strategy. The 
strategy is to base allocation decisions on the natural allocation of functions between the mind ;at1 the body. The 
mindbody and humankiircraft relationships are virtually ;malogous. The mind cannot move by itself, the human 
cannot fly. The mind cannot sense the outside world, rather it relies on sensors ( e . ~ . ,  eyes, ears, skin) to sense 
information from the outside world and from the body itself. Likewise, the human in an aircraft often must depend 
on sensors to provide information regarding the outside world. The mind controls much of the body’s functions, but 
often only in coarse ways. These coarse comm:uids are intetyreted into fine motor peifonnance using reflexive 
muscle responses in the body (e.g. ,  the reflexive bending of the ankle while walking). Likewise, the aircraft often 
has distributed mechanisms that interpret general cormnands and perform mechanical responses ( o . , ~ .  , yaw dampers). 
In the Wings design concept, the appropriate level of automation for an aircr:ift function is determined by the level 
allocated to its’ ,analog in the human btxly. Systems like fuel pumps and fuel filters woiiltl fiiiiction autonomously 
like their analogs, the heart and liver. All higher level functions would be initiated by the h u m w  ,just as  the mind 
initiates all gross motor actions. The human would be at the ‘ l i e d  of the aiircraft, and therefore should have fewer 
surprises. 

The Wings design concept uses ;I mind-centered, body -metaphor npproach to automation, keeping the mind at 
the center of and as the initiator of all major activities of h e  system. The automation serves to augment and 
enhance the user in performing those activities. A major ;idvantage of this allocation strategy is tliat design can 
focus on overcoming human error problems that are truly human, such ;is wandering attention and poor 
underst,mding of the mission, rather than problems that have arisen from unnatural function allocation. In other 
words, there are problems and errors intrinsic to human nature that would occur in any tlomaun :tiid there itre problems 
that result from human interaction with ;I design or  interface. These two classes of problems may require different 
remedies and solution approaches. By making the aircraft design similar to that of‘ the hurn:in body, the second class 
of problems may be subsumed by the kirst and require only one type of remedy. Another xlvmitage of the mind- 
centered, body -met‘tphor approach is that the hummi mind alreacly h:w several efficient preprogrammed routines for 
dealing with aid operating the body. These natural routines could be exploited to deal with die vehicle so that 
additional routines would not have to he developed. Finally, the body mehtphor for design offers less risk than other 
untried design methodologies in that it h;is been proven by the process of evolution. 

How does this design strategy compare with that of modein flight decks’? Characters from two movies, 
RohoCopTM and Star WzrsTM, exemplify the two design concepts. In RoboCopT’, the title c1i:u:tcter is a hun~un 
mind augmented by an integrated Iiuman-m:tchine. All major actions of the system ;re controlled by the 1ium:ui 
mind. There is significant augmentation to the normal humim skills (both physical and mental). Intent, style, and 
ingenuity originate from the mind while strength, precision, skill, and sensing are enhanced by the automation at the 
mind’s command. RoboCopTM could he considered to be a product of the Wings design concept. (hi the other hand, 
R2D2 of Star WarsTM represents the prtduct of a more trxlitional design strategy-an intelligent associate. 
Although it human commands R2D2, the execution of these commands is based on R2D2’s programmer’s 
inteiyretation. Because these commands are often carried out  at at later time o r  plaice, the hurniui may not be able to 
monitor the associate. Consequently, the associate may do what the humin commanded, hut not what he intended. 
In modern flight decks, the flight management/autofliglit system acts a s  an intelligenr associate. It is given :t series 
of comm‘ands by the human arid it then goes off and acts on those commands. It is true, that the hum;tn c m  take 
over any task at any time, but what happens when the human is inattentive o r  unaware of all the details of how the 
automation is progr‘mmed? We often see errors occur, especially if the automation is progr;unmecl using it logic that 
is different from the human’s logic. 

COMPLEMENTARY AND INTERPRETATIVE DESIGN 
The human body relates to the mnd in two ways. The body complements the mind ;incl interprets for the mind. 

The body complements the mind by allowing it to do things that it alone cannot do. The nunc1 cannot move, 
manipulate objects, or survive on its own. The body provides functions allowing the mind to do these things. It 



provides a life support system and a protection system lor Uie mind. Also, the body interprets various signals or 
stimuli froin the outside world into ii tonn that the mind is equippcd to deal with. The body translates sound, light, 
touch, pressure, and chemical content into electrical signals used by the mind. The body d s o  collects Information 
regarding the status of itself and coinmunicates that to the mind. The body interprets its’ status to the rnincl when 
something is d‘maged (pain), is not functioning properly (numbness), or is operating correctly (muscle sense). 
Finally, the body executes cointnands from the mind by interpreting those signals into muscle niovementh. The 
concept of complementing and interpreting is not new to aircraft and flight deck design. Incleecl, people would not be 
able to fly if it were not for these two functions in modem aircraft. The difference between the W r n ~ s  design concept 
‘and others is that it seeks to design a complementxy and intei-pretive flight deck that is mind-centered usmg 21 

function allocation strategy that is baked on the b tdy  metaphor. 

It is important to note that the body metaphor is meant to be a template for function allocation, but not a 
limitation on design. This is especially true when considering the complementary aspects o f  design. The design of 
the human body does not allow the hwnm to see behind him without moving the body arouncl. However, the 
aircraft design might allow for vision in 360 degrees around the x, y, and z axes. This design decision is consistent 
with the Wings design concept (e.g., eyes in the back of your head). Likewise, the aircraft design c;tn be used to 
complement human deficiencies in ;u’e;is such as memory, attention, and even reasoning 
should be kept in mind xs new functions are implemented. Thus the designer wanting to add ;I new complementary 
functionality that 11uin:uis do not have, should imagine what it would be like if humans hac1 evolvecl with such 
capabilities. Humans do not have wings, but what would it be like if they did? 

itegies. But the metaphor 

Complementary Des ig 11 

performing the mission. The former can include sensing mechmisms, memory aids, arid coniputational tools. An 
exciting area for cornplementing the human is regnoning strategies, r.g., helping the crew know when to shift from 
their natural reasoning strategy, say goal-driven, to mother strategy, say data-driven. It Importxi( to note, that the 
body IneLiphor does not eliminate human ei~or ,  it eliminates human/machine interriction ei~or .  Complementary 
design must be used to address true human error. 

The aircraft design should complement the human by assisting in the avoidance of hunian eirors and in 

Complementing the human for the mission, would include providing all the information :uicl capabilities 
necessary to perform the mission safely and efficiently. The Win,gs concept prescribes complementing as if humans 
were born to fly-as we are now born to walk. This requires distributing control mechanisms l o r  flying throughout 
the aircraft, just as many of the control mechanisms for walking (e.g., balance. muscle rnovenients, muscle 
coordination) are distributed throughout our bodies. 

Interpretive Design 
The aircraft should interpret the human commuids to the aircratt and interpret phenomena lrom the outside world 

to the human in a meaningful aid  manageable fashion. The direct control of individual systems should be deliberate 
and at a coarse or high level (Le., more ‘what’ than ‘how’). Humans ixtturally know how to lilt their hands and 
never confuse them with their feet. The hunm does not need to consciously think about the line details of how ;u-m 
movement co~nmanlcls are carried out. The details are not as important as the explicitness of the command. Such 
designs are called hernionwtrc by Hollnagel (1991) :tnd trirnsprrrc’nt by Winograd (10x7). The lcvel of cletad in both 
the information and control provided by the aircraft should be directly dependent on the task (Abbott 10x9). In 
inteipreting information from the outside world, the design should use the body metaphor as well FOI example, 
tactile information such a s  vibration might be presented in a tactile manner, say vibrritlng ;i control (similar to what 
a stickshaker does today) or even the pilot’s sent. 

Often the hunan is overloaded on a particular interface channel and cannot receive or present Inlormation using 
it. This does not mean that the information cannot be presented, but rather that its content should be presented in 
the most natural way on :mother channel. As ;ui example, consider mtdem methods of communicating with the 
deaf. The most common form of communication is American Sign Language (ASL). ASI, is actually a ditferent 
kmguage from say, English or German. If the deaf person could hear at one time, he will havc to Ic:u’n the new 
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language and translate it into his first language. An alternative to ASL is Cued Speech (Fleetwood & Metzger 
1997). In Cued Speech, the ‘speaker’ simply rcpresents phonemes (ic., sounds) using hancl aiicl mouth gestures. 
Thus the cuer can communicate in English, C;erinan, or Spanish. The ‘hearer’ does not have to leau-11 :I new 
language, just a new way of hearing. This is an example of presenting h e  sane infoonnation over ;I different 
channel. It may be that this technique could make use of underloaded channels to send and receive infoiination that 
cannot be transmitted over the channel of choice either because it is alre:idy loaded or is no1 :unendAe to presenting 
the information. An example of this in flight deck design might be to transinit lhe feeling o f  ‘numbness’ visually 
or aurally to let the pilot know that a certain sensor or suite of seiisors 1l:i.s failed. Of course, one must be careful 
not to overload the human with too much information. Obviously much basic resetu-ch is required to explore these 
possibilities. However, the possibilities are intriguing. 

When Complementary and Interpretive Conflict 
There are times in the design process where tradeoffs must be made between complernentiiig and interpreting. 

For example, it may be more aippropriate to use noniiituitive logic becaiuse i t  is more cfficient. Or, it may he that 
the complementary aspect of the desigu simply has no analog in the hurnan mental repertoire. In the first case- 
deliberate departure from the way humans naturally think about things-the designer musl kkc great care to provide 
extraordinary measures to assist the flight crew in dealing with iui unii;itur:iI system. This help cit11 come in Ihe form 
of cln-line expl,ulation, ineinory aids, and ultra-obvious interfkes (Norman’s at‘forcl:uices 1 OXO). ‘1’r:uning is also ;in 

importmt part of assisting the human. However, in this case, training requires the user to le;u-ii md remember 
something that is unnaturd, thereby increasing the opportunity for error. Flight crew performance of ; I I ~  unnatural 
task is better handled in design. Training is more appi-opriate for the seco~id case, where lhe l iuma~i is being taught 
something that is new to his nature but not necessxily contrau-y to it. The more important of these areas ;ue the 
fundamentals and physics of flight. Since 1ium:iiis do not naturally tly, they must be taught these principles. There 
are many that argue that piloting xi aircraft should be as easy ais driving ;I car. However, by the time most people 
are ready to drive ii car, they have had ten to fifteen y e m  of experience in negotiating in a ‘two dimension;tl’ 
environment. A tlii-ee-ye~ old instinctively knows to lean into ;I tun1 :LS she runs. Driving a c;u is j u s t  ii sm;tll 
extrapolation from our walking experience. But three-dimensional, aerodynamic negotiation is not in our nature. 
Some of its properties can be discovered in activities like underwater swimming, but even here the nature of 
buoyancy prevents us from having ;ui aiccunite model. So, even for ;in aircraft clesignecl using the Wruig.v concept, 
humans must learn how to fly. The design process :illows the pilot to avoid having to learn things lhal have 
nothing to do with flight or the mission. 

CON C L US I ON S 
If humans were meant to fly, we would have more thm just wings. We would have iiii intenial navigation 

system, we would have legs capable of landings, takeoffs. and aerodynamic conce;iLment. ;uid wc woulcl have the 
knowledge of flight instinctively. We have found that we can overcome these deficiencies. Wc have done so by 
brute force based on the advances of technology. The Wings design concept is revolutionary in  die original sense of 
the word. It is completing the circuit to the way nature might have meant for u s  to Ily.  

It should be noted that the author is not recommending this npproach for every aircraft design. Ikonomics may 
prevent an aircraft of this type from being built in the present day because i t  may require ;in ;tirf‘r:une and systems 
design which are too expensive to build. However, such a design could serve as ;I goal lor the tcc1iriologic:d 
evolution of flight deck and aircraft design. But first, it must be implemented, if only a s  ;I test case, to see if it has 
value in the areas of safety and efficiency. 
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